The quantitative determination of enhanced endocytosis by RSC compared with NSC suggests that this increased activity may have a role in the pathological function of synovial tissue in rheumatoid arthritis.
A B S T R A C T Human synovial tissue cells in monolayer can be shown to take up and digest a soluble protein, horseradish peroxidase (HRP). Uptake of HRP was linear with increasing concentrations of substrate and cell protein and with time for up to 4 h. Low temperature (4°C), and sodium fluoride, an inhibitor of glycolysis were the most effective metabolic inhibitors of endocytosis. In addition, colchicine, an inhibitor of microtubule assembly, and yeast mannan, an inhibitor of mannose-specific receptors, reduced HRP uptake. Synovial cells from patients with rheumatoid arthritis (RSC) demonstrated a statistically significantly higher rate of endocytosis (247+107 ng HRP/100 ,ug cell protein per 2 h.) than cells from control, nonrheumatoid patients (NSC) (100+80 ng HRP/100 ,ug cell protein per 2 h.). Thus, it is possible to discriminate RSC from NSC by their quantitatively different rates of endocytosis.
Digestion of HRP by synovial cells is statistically significant by 6 h after uptake. A faster initial rate of digestion was seen in RSC. Over the first 6-8 h of incubation 42% of the endocytosed HRP was still cellassociated in RSC and 67% remained in NSC cultures. However, by 24 h 20-30% of endocytosed HRP was found in both types of cultures. These results indicate that endocytosed molecules may accumulate more rapidly in RSC and persist within their lysosomes for a longer time than in NSC.
The quantitative determination of enhanced endocytosis by RSC compared with NSC suggests that this increased activity may have a role in the pathological function of synovial tissue in rheumatoid arthritis.
of synovial tissue from individuals with rheumatoid arthritis are enhanced when compared with control synovium. However, these differences have not been functionally quantitated. Endocytosis and subsequent intra-and extracellular digestion by synovial cells are most likely responsible, at least in part, for removal of microorganisms and erythrocytes, and for metabolism of connective tissue and synovial fluid components. In addition, these processes in synovial cells may mediate the destruction of articular tissue observed in rheumatoid arthritis (4) .
Studies of synovial tissue in monolayer cultures have suggested that synovial cells from individuals with rheumatoid arthritis (RSC)1 may be in a state of"activation" compared with nonrheumatoid synovial cells from individuals with other joint diseases or traumatic injury (NSC). Thus, RSC spontaneously secrete large quantities of collagenase (5), plasminogen activator (6) , neutral proteinase (7), and prostaglandin E2 (5). RSC cultures, therefore, resemble elicited peritoneal macrophages that release similar enzymes spontaneously (8) (9) (10) (11) and are considered activated (12) compared with resident peritoneal macrophages. In addition, thioglycolate-elicited macrophages have higher rates of pinocytosis than resident peritoneal macrophages (13 Cohn (14) using horseradish peroxidase (HRP) as a substrate at a concentration of 1 mg/ml in 10% fetal calf serum/EMEM. After incubation of HRP with cells, culture dishes were carefully washed 10 times over a period of 1 h with 2-4 ml phosphate-buffered saline. Cell lysates were prepared in 0.1% Triton X-100 (wt/ vol in water) (Rohm and Haas Co., Philadelphia, Pa.) and assayed for peroxidase activity (14) and for protein (15) . For the peroxidase assay, 0.05 ml 1% 0-dianisidine (Sigma Chemical Co.), 0.06 ml 0.3% hydrogen peroxide, and 6.0 ml phosphate buffer, pH 5.0 were mixed just before use. Change in absorbance over 3 min of 1 ml of this reaction mixture containing cell lysate was measured at 460 nm in a Beckman (Beckman Instruments, Inc., Fullerton, Calif.) 24 spectrophotometer. Endogenous peroxidase activity was similar for both RSC and NSC and never accounted for more than a few nanograms of activity.
Protein and viability determinations. Protein was determined according to the method of Lowry et al. (15) . All samples were centrifuged at 3,000 rpm for 5 min before reading to eliminate the flocculant caused by Triton. Bovine serum albumin was the standard protein.
Cell viability was determined by measuring the proportion of cytoplasmic lactate dehydrogenase (LDH) that leaked into the medium. LDH assays were performed by the method of Bergmeyer (16) These results may also indicate that whereas NSC are a homogeneous population with respect to pinocytic activity, RSC are heterogeneous. RSC cultures appear to consist of a population of cells that has a rapid initial rate of uptake and others that have slower rates and more closely resemble NSC. Linearity of HRP uptake with increasing cell protein. HRP accumulation per culture was linear with increasing cell protein ( Fig. 3 ; r2 = 0.94). The specific activity of HRP uptake by RSC (Fig. 3) and NSC (not shown) increased modestly with increased cell density. In Fig. 3 Fig. 4 . The electron dense reaction FIGuRE 4 Ultrastructural localization of HRP. RSC were incubated for 30 min with 1 mg/ml HRP and then stained with diaminobenzidine. A macrophagelike cell is illustrated.
Reaction product (H) is visible in recently formed endocytic vacuoles where it forms a lining on the inner aspect of the limiting membrance. A later stage of uptake is visible as a dense reaction product which fills the vacuoles (H'). Some endogeneous peroxidatic activity (E) (as determined by control cells that were not given HRP) is also visible. Elaborate filopodia (F) are evident on the nonadhered side of this cell. x 12,950.
product of HRP-H202-diaminobenzidine is evident in vacuoles throughout the cytoplasm. Staining was not evident on the external surface ofthe plasma membrane.
Effect on HRP uptake of metabolic inhibitors, charged polymers, lectins, and colchicine. The most effective metabolic inhibitors of HRP uptake were (1) the glycolytic inhibitor fluoride and (2) the nonspecific depressant 4°C (Table II) . Differences between NSC and RSC in susceptibility to the metabolic inhibitors studied were not detected; therefore, results for both cell types are combined in Table II . Greater than 85% of the cells remained viable (LDH determination) after incubation with all agents listed in Table II. Charged polymers, the lectin concanavalin A (Con A), colchicine, and yeast mannan were examined for their abilities to influence synovial cell endocytosis. Cationic polymers DEAE-dextran (1-10 ,ug/ml), poly-L-ornithine (1-0.01 Zg/ml), and poly-D-lysine (1-0.1 ,ug/ml) all had no effect on HRP uptake at concentrations that did not reduce viability. (Fig. 5) . These results may be further evidence for heterogeneous functioning of the endocytic lysosomal process in synovial cell cultures. The decrease in cell-associated HRP activity was statistically significant by 6 h. RSC had a significantly lower percentage of endocytosed HRP remaining in the cultures by [6] [7] [8] h when compared with NSC (42.33±21.37%, n = 7 vs. 61.14+23.60%, n = 7; P < 0.025 in RSC and NSC, respectively). The percentage of total HRP remaining at 24 h was similar for was 5 h and that for NSC was 8 h. For RSC (n = 4) the nanograms HRP remaining at 6 h (P < 0.005) and 24 h (P < 0.01) were significantly less than that present at zero time.
RSC and NSC (20-30%). From Fig. 5 the tl2 for loss of HRP within RSC was -5 h, whereas that for NSC was 8 h. Digestion did not occur in all cultures. In these experiments as much as 50% of the total cell-associated HRP could be found in the medium after 24 h of incubation.
DISCUSSION
This study demonstrates that primary cultures of synovial cells from individuals with RSC exhibit a significantly higher rate of uptake of a soluble antigen (HRP) than synovial cells from individuals with other joint diseases (NSC). These results also indicate that RSC and NSC have rates of pinocytosis that more closely resemble those of macrophages (13) than of fibroblasts (19) . When uptake studies were performed on passaged cultures of synovial cells, a decrease in the primary rate of uptake to that resembling fibroblasts was found in most subcultures. Thus, for the studies presented in this paper primary cultures were used throughout.
Increases in cell density stimulate HRP uptake in synovial cells, L cells (19) , and epithelial cells (20) .
In addition, we have noted that some RSC cultures, like L cells (21) , fail to demonstrate contact inhibition of growth on reaching confluence. Thus, cultures of RSC could achieve higher cell densities than those of NSC during a comparable culture period, and it may be this phenomenon that is at least partially responsible for the enhanced pinocytosis found in RSC on a per cell basis. Enhanced endocytosis may be the result in part, of as yet unknown events induced by high cell density. Some of these may include cell surface phenomena (20) , cell-cell interactions, metabolic alterations, and alteratiQns in concentrations ofand/or responses to such regulatory molecules as cyclic nucleotides and prostaglandins. As proliferative synovium in vivo is the "sine qua non" of rheumatoid arthritis, these events may be important to the pathological process in rheumatoid arthritis.
The mechanism of uptake of HRP by synovial cells probably involves both macro-and micropinocytosis. With the electron microscope many micropinocytic vesicles are observed in the cytoplasm, and free surface of many cells is covered with an elaborate configuration of microvilli. These microvilli appear to fuse with each other to form endocytic vacuoles. Furthermore, from our studies we can conclude that uptake of HRP appears to be both by fluid phase (21) and adsorptive pinocytosis. Linearity of uptake is demonstrable over a wide range of substrate concentrations (0.10-10 mg/ml) and adsorption of HRP at 4°C never exceeds 10% of the activity found at 37°C. This compares well with the amount of HRP removed by trypsinization after 2 h of uptake.
Con A is thought to stimulate endocytosis by forming bridges between cell surface glycoproteins and "low uptake" or poorly endocytosed forms of soluble glycoproteins such as f3-glucuronidase (22) . In our experiments Con A may be forming aggregates with a low uptake form of HRP and thus enhancing endocytosis of a portion of this preparation. Although we have not investigated this material, Steinman and Cohn (14) have reported that HRP from the same source (Sigma Chemical Co.) as ours was composed of five separate enzymatic bands on agar and agarose electrophoresis. Each of these forms may be taken up with different avidity. The heterogeneity of this preparation may also help to explain the conflict between linearity of uptake over a large HRP concentration range and the 70% inhibition of uptake we find with mannan (Table III) . Mannan is a specific inhibitor of mannose receptor-dependent uptake (18) . Addition to cells of mannan, either simultaneously with or before HRP, may inhibit the "high uptake" form(s) of HRP that is rapidly interiorized and is sensitive to inhibition at 4°C. Interiorization of the low uptake form(s) may be by fluid phase and thus would be concentration dependent. These speculations are supported by our observation that maximum inhibition of uptake (67-70%) is achieved with mannan to HRP ratios of 10:1, 2:1, 1:1, and 1:2. Mannan is not a nonspecific inhibitor of pinocytosis as uptake of (25) . In fibroblasts, micropinocytosis of HRP is partially inhibited by glycolytic inhibitors and partially by inhibitors of oxidative phosphorylation and respiration (19) . Thus, these data suggest that synovial cells resemble macrophages more than fibroblasts in their sensitivity to these inhibitors. Because there are no differences between NSC and RSC in energy requirements for endocytosis, similarly derived cells may be responsible for HRP uptake in both cultures.
Charged polymers stimulate pinocytosis in macrophages and fibroblasts. Cationic polymers induce vacuole formation in fibroblasts (26) whereas anionic polymers are effective in macrophages (25) . Neither anionic nor cationic polymers affected HRP uptake under the conditions tested. These studies indicate that synovial cells are different from both fibroblasts and macrophages in their sensitivities to charged polymers; and suggest that endocytosis is occurring primarily in a unique synovial cell rather than contaminating macrophages.
Colchicine, a compound that impairs microtubule integrity (27) , partially inhibited uptake of HRP by synovial cells indicating that endocytosis of HRP by synoviocytes depends at least in part, on the presence of intact microtubules. Similar results have been obtained for 131I-albumin uptake by macrophages (28) .
Although variable in amount, digestion of HRP by synovial cells was detected. In some experiments enzyme was simply released into the medium. This was not the result of cell death or loss of cells because peroxidase release was not accompanied by release of LDH. Thus, in contrast to studies in which exocytosis was not observed in macrophages (14) , fibroblasts (19) , and rat yolk sac (29) during periods when digestion of proteins was being detected, exocytosis appears to occur in synovial cells.
The time it takes for half of the endocytosed HRP to be digested by RSC and NSC (t,/2) is approximately the same as it is for fibroblasts (19) and resident peritoneal macrophages (14) . 
